The conspicuous abundance of spirochetes in termite hindguts was noted by Leidy more than 100 years ago (20, 21) , and to this day termites remain an ideal source material for classroom demonstration of the morphological diversity and motility of spirochetes (1, 8) . Nevertheless, our understanding of termite hindgut spirochetes and their importance to termite vitality has long been meager, mainly because none had ever been isolated and studied in vitro. Recently, this situation has changed dramatically. Cultivation-independent (molecular phylogenetic) analysis of several hundred spirochetal 16S rRNA gene clones obtained from a variety of termites revealed that all were affiliated with the genus Treponema. However, the termite-derived clones were not closely related to other known treponemes or to treponemal 16S rRNA gene clones obtained from other animals. Almost all of them assembled into a distinct subgroup-the "termite cluster"-within the genus. Moreover, the clones themselves were remarkably diverse at what could be considered the species level (i.e., many had 16S rRNA sequences Յ97% similar to each other [28] ), even within individual termites, which were found to harbor two dozen or more species of Treponema (5, 23) .
Close on the heels of the phylogenetic analyses, we reported the isolation of the first pure cultures after many years of periodic but unsuccessful attempts in our laboratory. This achievement revealed that termite gut treponemes possess two metabolic capabilities hitherto unknown within the Spirochaetes division of the Bacteria, i.e., H 2 -CO 2 acetogenesis (19) and dinitrogen fixation (22) . Both properties were relevant to the association of spirochetes with their host: microbially produced acetate is an important carbon and energy source for termites, and gut microbe-mediated dinitrogen fixation is an important source of N for termite growth (4, 5) . Accordingly, the first experiments were focused on these metabolic processes. The isolates were simply referred to as Treponema strains ZAS-1, ZAS-2, and ZAS-9, with assignment of specific epithets postponed until a more detailed characterization of the strains could be performed. This has now been done.
In this paper, we describe the major phenotypic properties of strain ZAS-9 supporting its recognition as the type strain of the new species Treponema azotonutricium. A companion paper (11) presents a detailed characterization of strains ZAS-1 and ZAS-2, which are similar to each other and distinct from strain ZAS-9, and for which we here propose the new species name Treponema primitia. We also provide data on the genomes of ZAS strains (and of a free-living spirochete, Spirochaeta aurantia [6, 7] , analyzed for comparison) in terms of molecular size, GϩC content, and rrs copy number.
MATERIALS AND METHODS
Organisms, media, and nutritional studies. Treponema strain ZAS-9 (DSM 13862; ATCC BAA-888) was isolated from a tube in an anoxic agar dilution series that had received the equivalent of 0.001 gut contents from a small (ca. 10 mg [fresh weight]) worker larva of Zootermopsis angusticollis (Hagen) (Isoptera: Termopsidae). A portion of a well-isolated, subsurface colony was picked with a sterile Pasteur pipette and subjected to two successive reisolations in agar dilution series, both of which yielded subsurface colonies that were homogenous in size (ca. 1 to 2 mm), shape (spherical), and color (semitransparent, dull white with a slight orange hue that may have been due to the rifamycin in the medium [see below]) and which often had adjacent cracks in the agar, apparently resulting from gas production. The isolation medium was a rifamycin-, phosphomycin-, and bromoethanesulfonate-containing medium similar to that used for the isolation of strains ZAS-1 and ZAS-2 (19) , but it also contained 0.1% (vol/vol) yeast autolysate (19) , 2% (vol/vol) cofactor solution (19) xylose, sodium D-glucuronate, and sodium D-galacturonate/liter, and it was solidified by incorporating 0.8% Ultrapure agarose (Gibco). Incubation was carried out at 23°C under an atmosphere of 80% H 2 (the balance was CO 2 ). After isolation, strain ZAS-9 was routinely grown under 20% CO 2 (the balance was N 2 , or H 2 when H 2 was tested as an energy source) in a dithiothreitol-reduced mineral medium supplemented with trace elements, vitamins, cofactors, and 2% (vol/vol) yeast autolysate (2YACo medium [11, 19] ), as well as with a disaccharide mixture (cellobiose, maltose, sucrose, and trehalose at 5 mM each). Culture tubes (butyl rubber-stoppered anaerobe tubes containing 5 ml of liquid plus ca. 21 ml of the gas phase) were placed horizontally on a reciprocating shaker (ca. 100 strokes/min), and turbidimetric measurements and direct cell counts were performed as previously described (22) . Utilization of various individual substrates as energy sources was examined by using 2YACo basal medium without the disaccharide mixture.
Strains ZAS-1 (DSM 12426) and ZAS-2 (DSM 12427; ATCC BAA-887) were isolated from enrichment cultures as previously described (19) and grown under H 2 -CO 2 (80:20, vol/vol) in 2YACo medium supplemented with 5 mM maltose (11) . S. aurantia strain J1 (ATCC 25082) was grown under air with shaking (120 rpm) in Erlenmeyer flasks containing MPYM medium as one-fourth their volume. MPYM medium contained 0.2% each maltose, peptone, and yeast extract and 10 mM 3-N-(morpholino)propanesulfonic acid (MOPS). The medium was adjusted to pH 7.5 prior to heat sterilization. Unless otherwise indicated, all spirochetes were grown at 30°C. Cells of Myxococcus xanthus strain DK1622 were kindly provided by K. Stredwick.
Metabolic studies. Fermentation products of strain ZAS-9 were determined after growth of cells in 2YACo basal medium containing a growth-limiting amount of maltose (5 mM), which was assumed to have been completely utilized when growth ceased. H 2 and acetate were analyzed by using gas chromatography and high-performance liquid chromatography (HPLC), respectively (19) . Ethanol was quantified by enzymatic analysis (332-A Ethanol Assay kit; SigmaAldrich, St. Louis, Mo.).
Hydrogenase, formate dehydrogenase, and CO dehydrogenase activities of ZAS-9 were determined by using a suspension of cetyltrimethylammonium bromide (CTAB)-permeabilized cells (19) . Cells were derived from a late-exponential-phase culture grown in 2YACo medium supplemented with disaccharides (described above). The presence of catalase was examined by adding a drop of 3% H 2 O 2 to a small portion of a harvested cell pellet on a glass slide, covering the mixture with a coverslip, and observing for production of gas (O 2 ) bubbles.
Analyses of genomic DNA. Genome sizes were determined by pulsed-field gel electrophoresis (PFGE) of restriction digests of genomic DNA (3). Twelve different rare-cutting restriction enzymes were evaluated, and those yielding the fewest number of well-resolved fragments were selected for use. PFGE was performed by using a CHEF-DR II apparatus (Bio-Rad Laboratories, Richmond, Calif.) and the conditions described by Bergthorsson and Ochman (2), which included varying the pulse times and run duration to resolve fragments within various size ranges. Markers for PFGE included Yeast Chromosome, Lambda Ladder, MidRange II, and Low Range (all from New England Biolabs, Inc., Beverly, Mass.).
GϩC content was determined by HPLC analysis of P1 nuclease-and alkaline phosphatase-digested samples as described by Mesbah et al. (24) , except that (i) DNA was purified by using a genomic DNA kit with a 55/G purification column (Qiagen Inc., Chatsworth, Calif.) and (ii) the HPLC column used was an Altima C18 column (250 by 4.6 mm; particle size, 5 m) (Alltech Associates, Deerfield, Ill.).
The rrs gene copy number was determined by Southern hybridizations of restricted DNA with an rrs-targeted probe (15; updates described in reference 17). Escherichia coli genomic DNA was used as a control.
Microscopy. Phase-contrast micrographs were prepared from wet mounts on agar-coated slides (26) . Images were captured by using a Zeiss Axioskop microscope (Carl Zeiss, Inc., Thornwood, N.Y). equipped with a SPOT charge-coupled-device digital camera (Diagnostic Instruments, Inc., Sterling Heights, Mich.). Cells for electron microscopy were prepared as previously described (18) .
Images were obtained by using a JEOL 100CXII transmission electron microscope (JEOL-USA, Inc., Peabody, Mass.) operated by staff at the Center for Advanced Microscopy at Michigan State University. (Fig. 1A) . On this basis, they are readily distinguished from cells of ZAS-1 and ZAS-2, which are similar in width but shorter ( (Fig. 1C) . All three strains, however, possessed two periplasmic flagella, inserted at opposite ends of the cell (Fig. 1B) .
RESULTS AND DISCUSSION

Morphological distinction of ZAS strains. Cells of ZAS
Nutrition, growth characteristics, and fermentation products. Strain ZAS-9 was a strict anaerobe and catalase negative. Substrates utilized as energy sources by strain ZAS-9 were limited to carbohydrates, which supported growth at cell doubling times ranging from 35 to 47 h at 30°C (Table 1) . Doubling times were about 1.3 times longer at 23°C, and no growth occurred at 37°C. Unlike strains ZAS-1 and ZAS-2, which are homoacetogens that can grow by CO 2 -reductive acetogenesis with H 2 as the electron donor (11, 19) , strain ZAS-9 neither used H 2 (plus CO 2 ) as an energy source (Table 1) nor grew faster or to greater cell yields when H 2 was included along with a fermentable sugar that would support growth (data not shown). On the contrary, H 2 was a major product of strain ZAS-9, which fermented maltose (C 12 H 22 O 11 ) to acetate (2.80 mol per mol of maltose fermented), ethanol (0.80 mol/mol), H 2 (5.20 mol/mol), and CO 2 (3.60 mol/mol; assumed to be equal to acetate plus ethanol). Carbon and electron recoveries were 90 and 88%, respectively, and HPLC profiles of spent medium revealed no other products in significant amounts. In agreement with these observations, enzyme assays revealed that strain ZAS-9 possessed hydrogenase activity (1.15 U/mg of protein) but no detectable formate dehydrogenase or CO dehydrogenase activity. The latter two enzymes are characteristic of the Wood-Ljungdahl pathway for CO 2 -reductive acetogenesis and are present in strains ZAS-1 and ZAS-2 (19) .
Assuming that protein makes up 55% of dry cell mass (25) in spirochetes, it can be calculated from Table 1 that the yield of ZAS-9 grown on 5 mM maltose (a concentration that was growth-limiting in the otherwise complex, yeast autolysatecontaining medium [see Materials and Methods]) was ca. 50.3 g (dry mass)/mol of maltose. If ATP formation during maltose fermentation occurred solely from glycolysis (2 net mol of ATP/mol of glucosyl unit of maltose) plus acetate kinase-mediated acetate formation (1 mol of ATP/mol of acetate formed), then the maltose fermentation balance (described above) implies that cells derive 6.8 net mol of ATP/mol of maltose, giving an apparent Y ATP value of 7.4 g (dry mass)/mol of ATP. This is at the lower end of Y ATP values (mean, 10.5 g [dry mass]/mol of ATP) determined for a variety of bacteria grown fermentatively in complex media (30) .
One explanation for the seemingly low Y ATP value may be the relatively large amount of H 2 produced during fermentation (equivalent to 2.6 mol of H 2 /mol of glucosyl unit of maltose; see above). If ZAS-9 ferments the glucosyl units by using the Embden-Meyerhof pathway accompanied by a phosphoro-clastic cleavage of pyruvate, as does Spirochaeta stenostrepta (13) , one of the closest cultivable phylogenetic relatives of ZAS-9 other than strains ZAS-1 and ZAS-2 (22), then acetate, ethanol, and CO 2 arise following the oxidation of pyruvate by pyruvate ferredoxin oxidoreductase (E 0 Ј, Ϫ0.40 V), a reaction that can readily be coupled to hydrogenase-mediated reduction of protons to H 2 (E 0 Ј, Ϫ0.41 V) and can account for 4.0 of the 5.2 mol of H 2 produced per mol of maltose. The remaining H 2 (1.2 mol per mol of maltose) would then presumably come from the oxidation of NADH (E 0 Ј, Ϫ0.32 V), formed during glycolysis via glyceraldehyde-3-phosphate dehydrogenase (phosphorylating; EC 1.2.1.12). However, assuming an intracellular steady-state concentration of 12.56 mM NAD ϩ and 3.36 mM NADH (31), H 2 production from NADH at 30°C becomes thermodynamically unfavorable at ambient H 2 concentrations of Ͼ2 ϫ 10 Ϫ4 atm (27) . Given the conditions under which the fermentation was carried out (5 ml of culture fermenting 5 mM maltose in a tube with 21 ml of headspace), less than 0.01 mol of H 2 per mol of maltose could have arisen from NADH unless its oxidation were coupled to the consumption of energy. Hence, some of the energy conserved by ZAS-9 during fermentation may be invested in the production of H 2 from NADH (1.2 mol of H 2 per mol of maltose) rather than biomass, resulting in the low apparent Y ATP .
The mechanism of such putative energy-dependent formation of H 2 remains to be elucidated. It is unlikely to involve the intrinsic H 2 -producing activity of dinitrogenase of strain ZAS-9, which is repressed under these growth conditions (22) , but it could conceivably involve a coupling of hydrogenase with dinitrogenase reductase-the ATP-consuming, low-potential electron donor for dinitrogenase. It could also involve reverse electron transport mediated by NADH:ferredoxin oxidoreductase and hydrogenase, as has been found in the swine dysentery spirochete Brachyspira hyodysenteriae, which also produces copious amounts of hydrogen during glucose metabolism (29) . In any case, the limited production of biomass by ZAS-9 during sugar fermentation parallels the low biomass yields of the homoacetogenic strains (ZAS-1 and ZAS-2) when grown on glucose or H 2 plus CO 2 , and it is consistent with the notion that these symbiotic spirochetes have been selected for conversion of substrates to products (particularly acetate, a major energy source for termites), not for rapid growth or efficient conversion of substrates into cell material (11) . In this regard it is worth noting that, where quantitative analyses have been done, most free-living spirochetes that evolve H 2 during carbohydrate fermentation (including S. stenostrepta and Spirochaeta zuelzerae, which group within the genus Treponema on the basis of their 16S rRNA sequences [23] ) produce far less H 2 than ZAS-9 (Յ1.8 mol/mol of glucose) (references 9, 12, and 33 and references therein). An exception is the thermophilic spirochete Spirochaeta thermophila (2.9 mol of H 2 /mol of glucose) (14) . 
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TREPONEMA AZOTONUTRICIUM AND TREPONEMA PRIMITIAGenomic analyses. In an effort to characterize some fundamental properties of the genomes of the ZAS strains, we determined their molecular sizes, GϩC contents, and copy numbers of the 16S rRNA-encoding gene (rrs). For comparison, these properties were also determined for the free-living spirochete S. aurantia (6, 7) . Results (Table 2 ; Fig. 2 and 3 ) revealed that the genomes of the ZAS strains were similar in size (3,461 to 3,901 kb) and GϩC content (50.0 to 51.0 mol%) and that each possessed 2 copies of rrs. The genomes of these termite gut treponemes were substantially larger than those of the syphilis agent, Treponema pallidum (1,138 kb) (10) , and the human oral treponeme Treponema denticola (ca. 2,800 kb) (32) .
Genomic DNA of ZAS-9 yielded only nine fragments upon digestion with PmeI, including a doublet of 63 and 72 kb that under some PFGE conditions appeared as a single band with the greatest mobility (Fig. 2) . By contrast, genomic DNA of ZAS-1 yielded 29 fragments with PmeI, even though its genome was 440 kb smaller than that of ZAS-9. Genomes of strain ZAS-2 and S. aurantia J1 also yielded numerous fragments, and many of these occurred as clusters of similar-size fragments that were resolved only after multiple runs under different PFGE conditions. Such clusters appeared as conspicuously bright single bands in some gels (e.g., Fig. 2, lanes 1 to  6) .
With the exception of GϩC content, S. aurantia genomic DNA was similar in size to that of the termite gut treponemes, and it also contained 2 copies of rrs. It is noteworthy that the GϩC content of S. aurantia DNA, determined here directly by HPLC analysis of enzymatically liberated deoxynucleosides (65.6 mol%), was similar to that inferred previously by using a Mean sizes (in kilobases) of genomic fragments resolved by PFGE were as follows (with the number of independent determinations per fragment given in parentheses after each): for strain ZAS-1, 574 (n ϭ 8), 260 (n ϭ 7), 243 (n ϭ 7), 238 (n ϭ 8), 220 (n ϭ 8), 191 (n ϭ 7), 186 (n ϭ 6), 161 (n ϭ 12), 143 (n ϭ 8), 131 (n ϭ 10), 120 (n ϭ 10), 107 (n ϭ 10), 100 (n ϭ 10), 92 (n ϭ 9), 89 (n ϭ 5), 85 (n ϭ 4), 72 (n ϭ 6), 65 (n ϭ 6), 58 (n ϭ 6), 51 (n ϭ 6), 49 (n ϭ 6), 46 (n ϭ 6), 40 (n ϭ 6), 33 (n ϭ 6), 29 (n ϭ 6), 26 (n ϭ 5), 21 (n ϭ 3), 16 (n ϭ 2), and 15 (n ϭ 2); for strain ZAS-2, 326 (n ϭ 6), 237 (n ϭ 9), 225 (n ϭ 5), 217 (n ϭ 9), 213 (n ϭ 5), 197 (n ϭ 8), 175 (n ϭ 7), 165 (n ϭ 8), 160 (n ϭ 4), 134 (n ϭ 9), 133 (n ϭ 2), 127 (n ϭ 9), 121 (n ϭ 11), 113 (n ϭ 11), 105 (n ϭ 7), 99 (n ϭ 6), 95 (n ϭ 4), 91 (n ϭ 4), 87 (n ϭ 4), 78 (n ϭ 4), 64 (n ϭ 6), 62 (n ϭ 2), 60 (n ϭ 2), 59 (n ϭ 5), 54 (n ϭ 5), 49 (n ϭ 5), 46 (n ϭ 5), 43 (n ϭ 5), 42 (n ϭ 2), 35 (n ϭ 2), 32 (n ϭ 2), 30 (n ϭ 2), 28 (n ϭ 5), 27 (n ϭ 2), 26 (n ϭ 2), 23 (n ϭ 3), 22 (n ϭ 3), 20 (n ϭ 3), and 18 (n ϭ 3); for strain ZAS-9, 1,353 (n ϭ 10), 941 (n ϭ 10), 763 (n ϭ 10), 323 (n ϭ 15), 163 (n ϭ 15), 136 (n ϭ 15), 87 (n ϭ 15), 72 (n ϭ 5), and 63 (n ϭ 5); for S. aurantia, 664 (n ϭ 9), 350 (n ϭ 3), 318 (n ϭ 3), 296 (n ϭ 3), 255 (n ϭ 6), 225 (n ϭ 6), 176 (n ϭ 4), 174 (n ϭ 4), 131 (n ϭ 21), 121 (n ϭ 21), 119 (n ϭ 7), 116 (n ϭ 7), 107 (n ϭ 25), 103 (n ϭ 25), 88 (n ϭ 28), 85 (n ϭ 28), 81 (n ϭ 28), 68 (n ϭ 28), 55 (n ϭ 28), 48 (n ϭ 28), 40 (n ϭ 28), 34 (n ϭ 28), 21 (n ϭ 12), 20 (n ϭ 12), 13 (n ϭ 13), and 9 (n ϭ 12).
b Standard errors of the means reported are the summations of those calculated for each individual fragment. The average coefficient of variation ranged from 1.1 to 3.0%.
c Mean for two independent DNA preparations; three HPLC analyses were performed per preparation. GϩC content was calculated from apparent ratios of dGuo to deoxyribosylthymine as previously described (24) . The mean GϩC content of control DNA from M. xanthus DK1622 (67.4 mol%; range, 67.3 to 67.6 mol%) agreed well with that previously reported (67.55 Ϯ 0.02 mol%) (24) .
d The restriction enzymes used for this determination were known from 16S rRNA gene sequence data not to cut within the probe target region (positions 8 to 536 by E. coli numbering).
